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T3 TaaT T (O A TURBULENT TO A LAMINAR BOUHNDARY LAYER

ABSTRACT

The -:sundavy iaysr on a 5’65 included angle cone-cylimder mcisl has been
studied ¢7ar & Tange of Supersonic spesds. Boundary layer recovary fectors
have Laen measured and shadowgraphs have been taken of the model in {he wind
tunnel amt free flight, These mezsvremsnis indicate that when the boundary
layer shead of the shoulder is turbulent, the boundary layer is laminar after
the shoulzer for & shor’ Jdistance. A theoretical model of the rhonomenon has
bean comstructed and ca’lculations have becn mads using avallable bourdary

.

1oribe tha course of the bourdary

lzyear theory z2nd awnarisamial Adata $to 4

layer frem just ahead of the shoulder to the transition back to turbulent flow

on vhe ¢yiinder. HReascnably goocd agrsesment is found belwsen ths sxperiments
and the calcnlations,

A distinction is made betweern the complete shoar layer at a given position
which resuits from the action of frictional forces all along ths mxic) surface
from the model ti,, and the boundary layer at the same position which may bas all
or only the ipner portion of the complete shear layer.

A turbulence parameter snajiogous to Taylor'!s turbulence parsmeter foo the

effect of a turbulent free stream on laminar * wbulent transition, but appli-
cable to a high speed biundary layer is obtained.
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INTRGCTXTON

It haz heen generally Lelieved thet cnce a boupdsry laysr becomes tur-~
bulent i{ remains furbulsni. Io s wsual Lransitiom regicn, say of a
Luundary layer on a iiai rlate, an instantaneous riziuie aigh't show leminar
£itx frop the leading edgs, a zenerally laminar region interspersed with
Mnesta® of turbulent fluilld, and then finally, further dmmstream & fully

developed turbulent boundary layer. In this case, ths turbulent Ybursis"
remain turbulent as they nove downsiream and grow, enveioping the contiguous
laminar regions. The fluid in the laminar patches btetween the "hurats® has
been laminar from the leading sdges. In this report, evidence will be pre-~
serted which indicates whal umder sultable comditions a fully developed
turbulent btoundary layer can ba converted into & laminar btouncary layer,

the transfor=-i! . doss not rsquire the disappearance c¢f the turbuicat energy
in ¢ Lorhud. : boundsxy layer. Ratier, same of the turbulent fluid in the
tbulent boundary iaysr becomes lamirnar in the same seunse tiiat some of the
turbulert fiuid in & wind tunnel airstres:. pecomes lavinar when there is a

lamirar boundary layer on the suvface of a wind tunnel model.

The phenomenon of inverse transition was noticed accidentally. A 58°
2. “tal™ angle cone-cylinder model was being used to study the vifect of a
sharp presturs gradieat un the boundsry layer temperaiure recovery faciors,
The ldes was to produce reasonably well-defined laminar and turbulent bound-
ary layers on the cons and then measure the equilibrium surfacs teampearatures
on the cylinder. We belisvaed that the velocity snd temperature disvriobutions
in the boundary layers would not be iine familiar equilibrium ones and that
the surfacs temperature would be thereby changed. [t was thought that the
deviation wenld be the greatest just after Lthe ghoulder of the model and that
the usual equilihrium values woul® be approachsd asymptotizally. With a
smooth model surfacs, Wie boundary layer was laminar o “he cone and became
turbulent on the cylinder at different positiims, depending on the tunnel
pressure level., The surface temperatures ou tie cylinder were in gensral

agreementv witl our ewmaoctediong, rising 1n a pormal way in the transition
region on the cylindsr. Wwnen transition on the cone was fixed by surface
roughnegs; the {smperatures on the eylinder followed a distinctly different
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pattern. For a short distance aioag the cyiindsr, the surface tempev:tureg
ware epproximately constant and corrasponded closely uo the usual laminaw
levels after which ths tomperatiwcs rose rapidly to values close to the
asual turbnlent levels.

After some unsuciossiul attempts, shadswgraphs wore cptained of the
model. With swface roughness the fully developed turbuient boundary layer
ahead of the shoulder was clearly visible, From the shoulder downstream,
the turbulence that was visiole in the boundary layer ahead of the shoulder
seemed to disappear, or at least it waz not distinguishable from the back-
ground of the picture. In the downstream region whers ths suriace iszper-
atures increased- a turbulent boundary layer was again visible,

Thia report pressncs the results of a giudy of the effects of the strong
favcrable pressure goadient at the shouider of the cone-cylinder on both
laminar ar<d vurbulent boundary layers.

EXPERTMENTAL ARRANGEMENT

The tests were conducted in the Ballistic Research labecratorias! Flexible
Negzle Tunnel shom in Figure 1. The tunnel is of the closed circuit variable
density type co that data couwldd bs chiained ovsr a ranye of Reynolds Wumbers
at each Mach Number &z shown in the following table:

o (Bhe  (Ehan

3.2 2.8x10° .70 x 10°
3.55 1.8 x 105 o9 x 105

The test seciiom at Thess Mach Murbers ia 38 em. wide by 33 cm. high,
and the top and bobtom walls of the test section are sloped to acccunt for
the bourdary layer growth on the tumnel walls, The Mach Number and flow
direciion distributions along the axis of the tunnel, including the region
nwaed for thage tests. are shown in Figure Z,
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to analywse the temperature data, a steel mcdel with static pressure orifices
aleng its length {see Figure 4) was tesited at i = 3.0Z, the Hach Nuiber &b
which most of the measurements were made. Figure 5 shows the comperismon of
the measursd speed distribution along the cylinder and the svriuce Hach

Hurbers given in refersnce l.

If, in calculating the recovery factor, ar incorrect value for the local
Mach Nomber is used, then the computed recovery factor will be in error. If
the Mach Number usad is +oo high, then the reccvery facior will be high amd
vice verse. SHince, 8t M3, a 05 arror is Mach Number only restlits in an
error of .0UL in r; the sgreement in Figure 5 was congidered good snough to
wse the caiculations at the other tes: Mach Numbers., The calculated swrface
distribution for M = 3.55 is shown in Figwa 6,

The construction of the lucite temperature roc.—siz model i3 shown in
Figure 3. Iron~Constantan thermcccupie leads were attacied to small lead
plugs placed at regular intervals along the lucite body. Becauss the Mach
Nurter is lower on the cone than on the cylinder, ths level of the tempera-
tures on the sone is higher than the level on the cyiimder. Alinvugh s
lucits is a moderately good insulator, the model thickness was reduced nesr
the shoulder to reduce thz heat transfer in the lucite Irom shoad of “he
shoulder to the cvlinder, The spoked bods supports, &s well as the front
portion of the strut, were alsco made of lucite. The interior of the mcdal
was filled with giazs wool and the base was covered with lucite, except forr
a hole to take out the thermocouple leads and a vent hole to allow the in-
terizl pressure of ths model to equalize with model base pressure.

The shadowgraphs were taken iy placing & spark source close t0 the out-
aide surface of cne window at the test section, ard the film against the
other window. The spark source was dsveloped by the Airflos Branch of the

Exterior Ballistics Laboratory for taking frée flight interferograms, and
had high intenelty coupled with short duralion, At these high Mach Munbers,
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& short dwalivn spark ic nscsssary since bthe charactsristic patiern of the i
g turbulence in the boundary layer sweeps by with almost the fres strsam vei- 5 g
s 1
z ocity. Presumebly, the shadowgraph will Include ths optical contribution i
of the turbulent boundary layers on the windows as well as the boundary layer
o the model ., To reduce the interference of the window bourndary layera; the 3
light source 20 ths {ilm ware placed closs to the outside of each of the &
te3t seciion windows 2o suggested by Professor L. S. G. Koveeznay of .Johns :
tivpkins University. ﬁ
1
. !
TEMPERATURE HMGOVRRY FACTGD i !
; |
" i
i 1l
Prshably the most reliabls information on the boundary 1:5,72': Tecovary = ‘
2 26 2
25, A

factors in the iransition region hes vesn obtained on cones. Figure 7

it

shows gome of these 1ta taken Lrom twe 2ifferent wind tunnels at various
Mach NumbersS. As can be seen from the rigure, the rccovery factors riss from
about, 84S vhere the boundary layer is laminar, to turbulemt values of adbout
«38. The ~urves shown cover a wide range of transition Roymoclds Nunbers,
presumbly dus to diffarances in the aisturbance levels in the various wind
tunnels. As with skin friction transition curves, when the transition starts
earlisr, the transition region on a logarithmic scale tends io be longer.

el e

SMOOTH MODEL RESULIS

Yz

For the 58° cone cylinder in the smooth condition, that is with no tur-

i
"; bulencs promoters on the cone, the boundary layer was laminar on the cone and
& for various distances along the cylinder, Figures 8 and 9 sre shadowgraphs
at & supply pressure of 140 cm; the boundary layer is laminar on the cone and
(:’ undergoes transition on the cylinder at about 20 cm. from the shoulider.
i; Several features of the temperature data shown in Figure 10 are of particula
fﬁ interest. The tamperature level fcr the first six pluge is approximately the
= same, but a systemat.ic decrease can ha observed 25 the shouider is approached

G
ot
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and the tammaratnra fnet ehead 22 ths chicildsr is cimsid
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others, On the cyiinder, the temperatures apparently rise icwards an asymp~
totic value well back on the sylinder. The temperatures within ons or two
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centinsters of the =imlder fall above the curve “hat vo; “ssants the most
natural sxtranoclation upstream of the temperature data. The tempsraturs fall
off ahesad of ths shoulder and the higher values just vehind the shoulder ars
telloved to be ihs sosuib of hicat trancfor in the lveita itself. since the
ilucite necessarilv must have & continuous temperature distribution, The same
data are shown as recovery factors in Figure 11. The rscovery Ifactorz are
lower than the normal iaminar values after *the shorlder, rise smoothly towards
an asympictic value, until thera is an abrupt rise a2t the onset of transition
o the cylinder. At firsi it was thought that heat transfer effects in the
vicinity of the shimulder might bs responsible for the low tempesratures after
the rhouider. 3ince Vhe Uasc of ihs cone iz cooled hy heat tranasfer to the
front of the cylinder, there must be heat transfer from the boundary laysr
ahisad of the shovlder to the cons surface. After the 'corner, the boundary
laysr would uave an energy deficlency which wouid result in iui recovery
temperatures. Howsver, if it 13 assumed that the heat flow can e meinly
accounted for by two mechanismu; heat transfer betwsen the model and the air,
and hsat flow within the sheii, (heat flow to the air within the modei is
neglected}, then, since the model is at equilibrium temperature zt all poinis,
Yicas flow ouw tng 24 ah:71 of the shouldsar snculd te bzlanced Ty heat flow
back %o the air a:’i. the shoulder so that the heat flow in the lucite shouid
not cause an energy duficiency .a wWie Houndary lzyor on the oyiindar. Tha
heat flow out of and back into the boundary layer would be expecied to bave
soma influence on the temperature disizivulion, and so the recovery temper-
atures. Heat flow estimates in the lucite imdicate that these heat transfer
effects should be negligible 2.%F cm. from the shoulder at P0 = 140 cm.

The laminar recovery factors on the cone are in good agreement with the
data shown in figure 7. In the initial %ssls, & great desl of difficu:.; was
experienced ln repeating the rmecovery factor levels, Finally, 1% was noticed
that vhen ile supply temperature as measured by five thermocoupies distributed
over the center of the supply header, was above room temperature, the re:scvery
temperatures were lower than expected, and vice versa. Surveys of the flow in
the tunnel contraction section showed atrong separation so that it was likely
that the 2ir in the eonter of the hisader was not the air that passed over tha
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model, The correlation wivh supply temperature could be explained if it was

assumed that e air temperature wag some vaina between that inm tha annter of
the header and the room temperature, Until the contraction section was re-

built, the Lests were run with the supply temperature set within L~ of the

room temperature.

TRANSTTION FIXED ON THE CONE

Several methods were tried for tripping the boundary iayer on the cons,
such ap lampblack and sand. lowover, for ease in iunning alternately, in the
smaoth and tripped condition, eagily removable single wire tripc were used.

In th2se tests the wire size necessary for causing turbulence in the vicinity

of the wirs was larger tnan has beer found for low=speed ineasurements. For
instance, at a Mach Mumber of 3,55, at an equivalent flat plate Reynolds Number
of 2,15 x 105, a wire five times as lLarge as the boundary layer displacement
tnickness at the wirs did not, cause transition anywhers on the cone surface,
According to Dnyden,2 at low speed: at the szme Ruyuoids Number a single rcugh=-
ness elawent .8 of the boundary lever dispiacement thickness would ba sufficient

+¢ cause transition at the element,

The use of wire trlps discloszd some very interesting variations of the
boundary layer recovery temperature as infiusncsd by the size of the wire trip
used. While these variations are of interest themselves and should be the
subject for another imvestigation, they are undesirable for this investigation
armd it was necessary to use wire sizes for which they were not present. Figure
12 presents surface tempsrature data at the same ach MNumber and Reynolds
Mumber, but for different wire sizes., Shadowgraphs for these three cases are
shown in Figure 13. The smaliest wire size, .025 cm., produces very limited
regions of separation ahead of and behind the wire and transition occurs sbout
haifway between the wire and the modei shoulder. For the median wire sizs,
transition starts a shorv distance downstrcam of the wire and again the separ-
ation vegions ahead of and behind the wire are relativsiy limited. For the
larront wire size, separation of the boundary layer occurs well ahead of the
wire and tranasition occurs at the wire. There is a sharp rise in the surface
temperature shead of the wire, and a sharp decrease after the wire. If the
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boundsry of ths mads) £210~sed tha ahara of the seperated region, the surface

temperatures would be axpected to vary as they dec because of the changes in
surfese Mach Mimbar. However, the iemperaturss in the fully-devaloped tur-
bulent region on the cone are low, and they remain low all the way back on
the cylinder, only gradualiy approaching the tomperature data with the smaller
wira trius. Siatic pressure measurements along the mcdel surface for two wire
trips, both of which c&used lransitidii; are comparsd with the aemooth model
static pregsure distrivution in Figure i, The temperature data indicated
that tha 064 cm. dia. wire was too largs to be satisfactory, (see Figure 12).

m of tha

- e Fowrr i3 TR
ATS R

The pressure changas in the gseparated region ahead o and 4dCwns
lam

wire trips are consistent with the flow photographs, Cf more interesd ths
fact that the surface pressures near the base of the zons are only & *lightly

altered by the wire trips. However, the pressurs model was al3s fititea with
two sctis of three total head tubes, one positimed near iihs base of the cone,

and one placcd well downstream on the cyiinder., {Suvs Figurs L). The total

pressure tubes near the cone surface showed & loss in total pressure, presum=-
ably a resuit of the shock wave system assoclated with the flow about the wire
trip. For the 025 cm. trip, the Mach Number decreased by about .36 M at the
cone bazz, so that using the smooth come surface Mach Numbar for calculating

the recovery factor should have resulisd in the sompuied r beling VG0 high
005 . The Mach Mumbe~ decrease at the cone base is the largest with the .062

W=,

cm, wirs trip and as Figure 12 shows, the ¢ uted recovery factors are lowered
4 gt ?
(PO Ty |

ther than raised. The greatest Mach Number changes on the cylinder producsd
by the wire tripz, as evaluated from the static pressure measurements along the

c7linder and the totsl pressure measurements near the cylinder surface, would
vt Aa

have a negligivle influence on the recovery factor camputations. Evidently, the
Mach Number changes introduced by the largs wire tri-3 cannot account for ths
effect of wire size on the tempersiure data. Possioly, thers is soms redistri-
vution or exiracticn of energy involved in the flow changes in the vicinity of

the wire whidh persists for a very large number of boundary layer thicknesses.

- . F ot Par
iy

With a two-wire trip, the effect is even more pronounced. On the basis of
these experiments, wire sizes were estatlished; which as far as surface temper-
atures were concerned, preoduced equilibrium fully-develored turbulent boundary

Jaysrs Just sahead of the shoulder,

S R R P ¥ tuﬁiﬁzi’m i

5

s

Lt

2 A A,

F

R AR R et e

RTINS B b @i L e SN AT TR 4 o AN i 1 (i o2 bl




ot S o omr—m

r T Ove TV N Ay A ma J.\.- i ~
A comparigon of tha meoverv Taotors £or ths smooth mddael . and ore casme

where ithie boundary layer was uurbulent ahead of the shouldsr is shown in Fig-

ws 11 M...Amm—nnhq of tha 1iow along the cylinder, [ur vhé labier case,
show ¢ rq that the boundary layer iz turbulent Trom about 8 cm. from the

model shoulder to the model base. See Figure 15. Also, the vecovery factors
in the sams region are close to the normal levels. on the other hand., for
about 2.5 em, after the shouider, ithe recovsry factors appear to be at the
laminar levels, Figure 15, which contains data for tripped boundary layers
obtained over a range of Reynolds MNumbers, shows that the data at various
pressure levels have the seme features. Similar mcasurements 2t ¥ & 3.55 are
shown in Figure 17. At P,, = 100 ¢m., the reccvery factors appesr to conform
to laminar wvalues for about 7.5 cm. from the shouider, The beginning of the
temperature "iransition" region on the cylinder is difficult tc¢ pinpoint be-
cause of the relative scarcity of tie temperalurs measuring positions. At any
rate, it would appear to be more than 2.5 cm. from the shouider in Figures 16
and 17,

Fnotographic evidence proved to be difficult to obtain; Figure 18 rep-
ragants the bast shadowgraph obtained in the wind tunnel. The following
cbservations can be made. The turbulence in the boundary layer ahead of W
shouider appears to disappear in'the expansion at the shoulder. A4 diffuse
vhite line, sometimes wavy in appearance, can be saen a short distance Lxom
the shoulder, and then turbulence in the boundary layer appears over a range
of positions which agree with the reyion labeled "transiticen" based on the
temperature measurements. Olhwr wavy laminar boundary layers, just pricr te
transition to turbulencc, have been observed under conditions where the laminar
baindary layer was much thicker, as in Figure 19.

One difficulty with getting good quality wind tamnel shadcowgraphs ig the
fact that the density in the test section i3 low. A "ring" was machined on
the ncse of a 20mm cone-cylinder model for which the free fiight Rsymolds
Mumber corresponded to one of the wind tumuel Reymolds Numbers. and tbe modal
was fired in the Ballistic Research T.aboratories Aerodymamic Range. Figure 20

# The firing was carried out under the supervision of L. C. McAllister.
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-vrap‘r. of the free fiight model. Becavse of the model motlon, the

turbulsnt regicn ahead of the shoulder is more difficult uc dishinguish; how-
aver, uie rir.g sias shosen, zczled appropristely, was more than sufficient Lo

zause transition st the ring in the wind tummel. Just after the shoulder there
is the charachtorictic white lins of the laminar houndary layer before the ap-
pearance of turbulence. There is another feature in this photograph vwhich
suggests thed {he boundary laver is laminar, It has been Observed in many fres
£f1light shadowgraprhs that even for highly polished models, (the cylinder of the

2

20mm model was polished), where the boundary layer is turbulent, there is a
disturted pattern in the surrownding fiow field, limited om the upetream and
by %the Mach wave from tiie begimning of the turbulent boundary layer. This
disturbed pattsern has bheen asgsumed to be a sound flald originating from the
turbulent boundary layer, In Figure 20, such a pattern is visible behind the
ring on the cwns, (Mach waves are also visitle: they arc pressnt because the
model surface between the vinz and the shoulder was not peolished), and in
the flow field around the ¢ylinder. The Mach wave defining the leuding edge
of this vagion, about the cylinder, exionded to the model surface, clearly
intersects the model downstream of the shioulder in the region identified as

"trangition® on the cylinder.
ANATITSIS
Thése experimental results can bs expliained in the following wey.

The turbulent boundary layer is known to havs a thin ragion near the
surface, which iz identifisd as the laminar subelayer, where the direct
viscocus terms are predominant. Measurements of the turbulent veloeity fluctu-
ation level through the turbulent boundary layer show that a peax in the tur-
bulence isvel is rsachsd at the edge of the laminar sub-liyer. This high
disturbance level apparently prevents the laminar sub-~layer fiom growing, so
that the Reynolds Number based on the thickness of the leminar stb-layer is

invariant,
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Tiie sharp pressure drop at the model shoulder produces a largs incrsass
in valeeity of the boundary iayer fluid. wsven near the suriace, the air is

accelerated to supersonic speeds. The effect of the velocity increase on

the turbulencc level throughout the boundary layer is similar (o0 tie reduciion

in turbuisnce level accomplished vy the contraction section of a wind tunnel,
At the beginning of the cylinder, the air that comprised the turbulent bouni-
ary layer anead of the shoulder is the non-uniform, rairiy turbulent "free
streanm! for a new laminar boundary . er growing from the beginning of the
evlinder, The reduction in the turbulence level of the boundary layer fluid

p-'\"'*:‘_d \3:’, +the rmageura Awnp novmita tha gﬂm.rl’.h of +the
e ¥ AXOp pArmiLg e oporth or Tho

1=

aminar shear layer

from the model surface. Compared te the usual wind tunnel flow, the turbulenc

level of this new "“free stream” 1s high, and cv & transition of the new laminar

boundary layer to a turbulent boundary layer would be expected to occur at
relatively low Reynolds Mumbore based sm distances along the cylimdsr from the
shoulder. The only turbuient fluild which becomes laminar is the fluid in the

ccgury in the laminar bound-

ra d

new laminar boundary layer, the g2mc precess tha
arr layer on a model in the usual wind {unmael, since the wind tunnsl air is

turbulent,

— = cam DA

ahead of the cornmer. Thc laminer shear flow at the beginning of the oylinder

P QU Ry o vn ] ~omane

may e considered to be a new "free stream” [or a new laminar boundary layer
growing from the shoulder, The evaluation of the teriperature recovery factors
along the cylinder must take into aceount the fact that the boundary layer
velocity and temperature distributions differ importantly frem the velocity
and temperature distributions for a boundary layer on a constant pressure
surface. (The gradual pressure rise along the cylindsr wilil be neglected in

the computations.)

In the following sections, estimates will be made for the boundary layer
conditions on the cylinder fosr both a laminar and a turbulent boundary layer
at the base of the cone. For the cace where ths toundary layer at the cone
bagse is turbulent. the properties of the turbvlence in the new "free streanm"
on the cylinder will he examined t0 see whai can be established ahout the
probable state, laminar or turbulent, of the new boundary layer starting from
the beginning of the cylinder.

c. -~ ' . - - ey . po.
L BAMOARY gocelroration takes p.LchB wnen Hnere is a laminar uwuua.xv -.a.v T
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At a number of points in the analysis, it will be necessary tc use low-

speed date bscause of the limited nature ol superaonls informatiom.
1 e

(a) Turbulence field in superscnic bouislary 1aysre

Recently, Kovasznay3 has made exploratory velocity and temperaturs

fluctuation level measurements in a supersonic boundary layer. s found; in

addition to the velocity fluctuation iield, that adjacent fiuld masses iu tho

boundary layer have unequal stagnation iempsratures; i.e. a "turbuleni® temper

ture iicid in an Eulsyian gystem, The more voluminous i1ow=-speed data are

udad in the anslysis, but a comparison of Kovasznay's fluctuation levels and .
the fluctiuation levels obtained fram the low-speed measurements will be mads.

G @ e i L G B R G R

e,

(t) Mean and turbulent properties of two-dimensional supersonic wakes.

/

The author was unable to find any suitatle supersonic datu, 30 1ow-
speed data have been used exclusively.

o siticn at supsrsondc spesds

5

The available informatics in the literature on the role of the

i turbulence of the free streaii on the state of the boundary layer is for free
g streams with isotropic tuulence. When the boundary layer is turoulent at
& the base of the cone, the "free stream® at the begimning of the cylinder will
:Z-f be anisotropic. To represent the "free ctream conditions from th: beginning
: of the cylinder, this anisotropic field wilil be iepresented by an oguivalent
isotropic field by using an average fluctuwation level ’&" and a turbulence

o microscale based on isobropic relations. Along the cylinder, turbulence in
%ﬂ‘ the "free stream® showld spproach isotropy. As will be seen, the interpre-
51: tation of the resialts is not sensitive to the engineering approximations

;” that are made.
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An =Hstine solution for the compressible laminar boundary layer will So ;

w3V mman maa LT
VML Sl was  weans

22t of fveq stream laminay turmlant

To avoid confusion in the calculations, the following notation will be
adopted. The firee sirsam Mach number distribution along the cone-cylinder
corresnonding to the static pressure distiribution will be designated ag 'i*is.
The recovery factor r is ihe recovery factor computed neing the maasursd
surfacs temperature Ty, the Mach number Hs s and the wind tunnel stagnation
+

mperaturs T., as follows.
w

Ty~ Tg |1+ 2U |
rel] - —g——— ]
“0 21" I

21

As a new boundary layer grows along the cylinder, its edge at any axial
rosition is at some ilach Numbsr lsss than “S . At anmy axial pogition the
value of this "effective" free stream Mach Number will depend on the new
boundary layer thickness at that position and the properties of the "feze
sirean” flow, Primes will be used to identify the conditicons at the edge
of the "new" Loundary layers. Hence, r' would be obtained as follows.

. e 2

m m
ES

o ~Ts |

3
[]

stagnation temperature of flow at edge of "new"
boundary layer
Mach Number at edge of “new" boundary layer

o
0

TS = Surface temperature
]
rp o= Laminar recovery factor = .35

Turbulent recovery factor = .88

L} ]
hile TO and MS ara insufficient to establish properly the temperature
recovery factors along the cylinder, the above expression is considered to

-

be 2 uzefuvi approximation.
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As shown in Figures 16 amd 17, ths fomperature data at different

Tha sniimar 3
L0 nulemceal

ressure levels all had the same generai characierisiics.
g

caicuiabions thal ars made in the £0ollmring sections are f

3

saunnly
bty 3 e

-

a
nIoIsurg P0 = 180 em, at M = 3,02, which is considared to b& a reprssenta=~
tive test condition. Data for a turbulent boundary laycr at the cone baase

are for a 041 cm. boundary layver trip.

TURBULENT BOUNDARY IAYEH LT BASE OF CONE X
The shadowgraphs indicete that tho boundary layer with the .01 cm. %
trip is turbuient for about LO poundary layer thicimesses before it rasches i
the come tasa. At iow speeds, Klebanoff ard Diehl found that badly dis- i
turbed tuvbuient voundary layers had re-cstablished the equilibrium or ;
constant pressire surface velocity profiles and turbulent £lelds after 3
traveling = 30 boundiary layer thicknesses. TFurther evidence that equilibrium :
conditions are closely approached, if not reached, at the cons base is the 3
fact that ths temperature recovery measuremsais nsar the cone base correspond §
+o those shown in Figure 7. Aveilable measurements indicate that the velocity
F profiles in supersonic boundsry layers are similar to thosze irn Low-speed bound-
> ary layers, provided the Revnolds Numbers are comparable. It is therefore
3 assumed that the boundary layer velcclty can be respressnted as: :
3
; g .y !
I
£ Since transition is produced by a roughness element, it 1s not possible ;
§ to compute the boundary laycr thickness at the come base., The shadowgraphs :
‘§ show, as would be expected, different apparent bowdary layer thicknesses for ]
different size roughness c¢lements, at different pressure levels, and different
; Mach Numbers. <
E‘ A large fraction of the turbulent bcundary layer has an intermititent i
5 character, which 1% three-dimensionsl in nature. Low-apeed mes.suremen‘bss »6 ]
% show ihat there is 3 sharp boundary betwsen the turtulomt fluid in the bound-
§.—1 ary layer near the wall and the main fiow. Thiz borndary ie irregular and in :
b~ b
24 2
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with #« mean position at
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a typical case may sxitend from

'é- = .78, where 6 is the conventionally deiioed viwriary laycir thickness.
In one case, 2 wava length from veak to peak of the turbulen’ boundary of

256 was observed using hot=wire equipment.

The shadowgraphs at high speed of turbulent bovndary iayers ard wakes
show the same sharp boundary between the turbulent and apparently non-
turbwlent fMuid, Tho sirong optiecal =ffact 48 presumed te be due to the
temperature spottiness of the turbulent fiunid, Since the path length of the
1izht rays in the boundary layer is usually several boundary layer thicknesses,
the shadowgraphs do not show the large variations in the position of the 2dge
of the turbulent boundar’ layer that are found in the low-speed measurements.
However, the boundary has a sharply irregular appearance. If the path length
of the light through ths boundary layer was very large compared to 6, then it
could be argued that the toundsry in the shadowgraph should represent 1.28.
This *cqu.*ﬂm.w ig not fulfilled for the test modsl; and since peak sxcursions
of the turbuleni fluid may not be at the top cone element, it is difficult to
establish, with any precision, the boundary layer thicknesses from the shadow-

graphs. (n the other hand, it seems reasonable to beliave that the photographic

boundary 13cs somewhere hetween .785 and 1.26. The simplest assumption is to
set the apparent thickness on the photographs equal to §.

An appropriste picture of the boundary layer velocity and temperature
profiles can be obtained by relating the local fricticn cocfiicient to the
boundary layer thickness. For a compressible houndary layer with zero axial

2 dé v, . do c .
pressure gradient, we have Ty. = 0glUs = - e = 5= where .f.'c is the

local {riction cosefficient.

Now, for incompressibla fluids, in the range of Reynolds Numbers where
the veloeity profile can be represented by a 1,7vh power law, we can eXpress
the local friction coefficient in terms of the length Reynolds Number as

;“-J

% follows:
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Racently, a number of expsrimenis have been perfrmed st supersomie 3 f
, speeds, in which the local frictiuvn cosfficient has been compared with the g‘
incompreccible locul friction coefficient at the same Heynelds Number, ZThs :
compressible local friction coefficient can be represented as follows: 3
(ol Xs ] . ¥
cf = 00371/,5 f(M) 3
C Rex ]
vhere f£(M) is given, for instancs, in NACA TN 220F, p. 29. ' o
de _ .0288 ' 8 036 :
™h, — B e s - st B
*hen 3= = LA (M) or e ¥ £(M) i
x X
5. 8, ¢
Te compars ~- compressible and L incompresscitle at the same » Raynolds 5
Numi:ar, the ration % is required. Assuming the Prandtl Numbecr equals 1, and {
no heat transfer at the surface, it can be shuwn that ;
o [ rols-re] i
5 J 1+1I€1M.="’F1=F""()]dy1 F(y) = o !
(0] [A [> 2= Y\) YI Us [
[
Convenient tabulations of the value of this ratio for varioue Mach Nurbers !
: and various power law representations of ths velccily distribuiion ars given in :
: NACA TN 2337, 1f 2 = a(M) :
6 - 3
i then _, - _iL GG £(¥) :
«0) £4) !
3 The fa'-tor% *s shown in Figure 21, and it appears that for a given 3
-5 2
2 free stream Regynolds Number, the ration % varies less than 5% with Mach ’;g
& Number. Approximately, then 6, = 6, ., and 4
23 k]
5
- Ce = — %}h §
Z ¢ FReg, :
Measuremert of the shadow zraph gives 6§ = .08 cm. at the base of tho come, ? :
-
so that R°6 =19 x 101‘ Co(Mg = 1.89) = 2.9 x 107~ i
B ) ) -;
S— . W ..
Using ths msasured wall tammeratares, w ® 103 A
L 3 s
50 that U= 2.43 x 10 cm/sec 3
25
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e U] . the friction velccity.
Y By 7 any .
Finslly, at the wall( &) = 1.20 sec™t
N VAN]

The extent of the laminar sub-layer is a matier of definition. Some
Ury
T . : "
uthors choose —— = 10 as the edge of the layer sincs that is where the

direct viscous stress and the turbulent shear stress are approximataly equal.

v
L S S
Others choose ke 30, where the direct viscous stiress 1S

ig
mean velocity profile starts to follow the logarithmic law, From the wa
Uy Uyl Uz

—— = 10 the velocity profile is linear and the regiom i ilka 10 &2 o
¥

repregsentc 2 transition region to a logarithmic mean velocity profile. The

RIS = — a A

construction of the desired velocity profile was simplified as follows:

. \ 7
T ~ = oU e -1 U ={/Z\1/ o
U = ky near the wall where (a—y-)d =2 1,20 sec US \5/ for the rest

3 ~4
e

3
1]
3

="

i+

3

B

{

]

NS5
o
&

o
ol

1l to

of the boundary layer.

The linsar variation of § with y was continued until the profile based
on the 1/7th power law was intersected so that no attempt was made to introduce
' the correct distribution for ths intermediate regicn where the laminar shearing
stresses and the turbuient shearing stresses are both imporivani. TFigurs 22
shows the Mach Number distribution asswing Pr = 1. (Because of this asswip-

. A Y
tion, the Mach Numbers near the wall are a few par cent in error.)

The fact that thie acceleration of the flow around the corner occurs in a
; relatively short distance makes possible a simple computation of the boundary
laver vrofile after the expansion. The mamentum squation for the x direction

of the low-speed turbulent boundary layer may be writtena;s

: /. dU au 3 au |, -— S

: "\U‘ﬁ*v?&)'% [u‘c?*"“"a”&'

where B %yg is the laminar shearing stress and puv is the Reynolds shear stress,
[l

' and the forces are expressed as forces per unit mass of the fluid. The shear
stress is a maximu. at the wall, and decreases steadily through the boundary

layer to ciose

26
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Then, approximitely, the viscous force per unit mass of the boundary

e s il 3 =3 6 U.Y‘ et 0 L sma
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the maximum extent of the turbulent spikes)., The effect of the 2ccsisrastiun

==

at the corner on the correlation coefficient Sy is not known. If will

davelop in a later section that the product ulv! after tha comsr iz reduced

to about .42 of its value ahead of the corner, so that even if —= = v afier the
2OTHST waS increased Lo the maximu possibie vRlue of one, the average uv

would be reduced in the pressure drop at the shoulder. Since the turbulent |

Y™ GO

o
-d

boundary layer thickness increases almost by a factor of 2, (See Page 28) it

appears that —- throughcout ths turbulent boundary layer will be a maxinam i

Referring to the x momentum equation for the boundary layer, for a very
- 9P
rapid and substantial acceieration the term '-‘;-&g' ; which is the pressure

s

E - foree per unit mass of the boundary layer fluid, may be very large comparsd .
= - 2

. - ¥
to Fg . If 3‘%’ can be neglected compared with &é s then the Mach mmber }

Ok

. profile after the corner can be obtained in a simple way. The relative in-
fluence of the viscous and pressure terms can be evaluated by considering

their contribtution to the change in kinetic energy por unit muss of the boundary
layer fluid in the acceleration at the shoulder. The acceleration length is

*

i N e, 3

i greatast for the outer streamiines, where it may be frecm 5 Lo 10 6, but smail
for the inner regions, where it should be of the ox_";_ier‘o,, & T Taking the acceler-
% w H
ation length as &, A K.B.; due to Viscous Forces = —5 x 5= o= |
I
" g AT
1 A K.E., due *o Pressure Forces =S !
X —p- ;
= For an incrsase in Mach num from 1,89 13 :
- i
3“3)‘ AP A T Tvv ‘
_‘_43 - 3!* «Q e °v 3 [ 12 ;
;%??- //: ° uo ol brand M= 1 8 H
o k7 an —emand i + OY &
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Dub = Cf =3x1 ¢ that over most of the boundary laver the

-
-

.0|I=_

wiscous forces can te neglected.

The Mach Number for each streamtube after the expansion can then be
easily computed from the Mach MNumber of the streamtube ahead of the corner,

asguming that the flow in each strsamtube goes isentrcopically from Pg to Fg .
S, S,

The dependence of tha Mach Nunter on the distance from the wall a'ftermthe
acceleration i3 obtained by a numerical step by step calculation tor the bound-
ary layer mass flow from the wall. Figure 22 shows the resuits of these com-
putaticnz. The air that was aimost ctationary ahead of the shoulder, adjaceat
to the well, is accelerated to almost M = 2 after the shoulder. Of course the
conditiong right in the vicinity of the wall are not rroperly represented by
the approximation, since ths viscous forces there cannot_be neglected. At the

. (U
wall, the momsmbum egquaticn roduces o -2—}:5 = % !-”' %— and for the real flow

the Mach Number wiii drop rapidly to zero in a narr?m-'region near the wall.,

The axpansion of the streamtubes resulic in an incresse of the boundary
layer thickness 6 from 6 = 08 em. Lo 8§ = ,23 ¢m,

The boundary layer fluid at the beginning of the cylinder can be viewed
as 2 Wnew!! free stream for the develomment of a new boundary layer downsirsam
Jrom the shoulder. Its Mach Number ranges from M = 2 at the wall, te M = 3.13
at &6 = ,23 cm., bsyord which distance the free stream is approximately uniform.
This "new" Iree stream should not retain the llach Number distribution which has
been calculated for the atart of the cylinder. Turbulent mixing should alter
the Mach Number distribution arxl should cause a spread of the mixing region
into the uniform outer flmr., If the shear along the cylinder surface were zero,
then the turbulent mixing region weould correspond to half of a two-dimensional
turbulent wake. Presumaily, the Mach Numbsr distribution which has basn com-
ruted for the flow after the corner would approach the equilibrium distribution
for a turbulent wake. In the real flow, the existsnce of shear at the wall
requires the growth of a new shear layer starting at tha shculder which could
be either a new lardnar boundary layer or a new turbulent boundary layer. The
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growth and rroperties; such as temperaiure distriovuiion, of si
: new boundary iayeis iz commlicatad by (a) the variatie Mach lumbsr digtri-
bution of the free stream, and (b) the variable stagnation enthalpy ot tne

free strean.

There is a redistribution of ths ctagnestion enthalpy in the boundary
L 2}

(X0
=]

j£)

laysr fiuld z2head of the courner, with a2 decrease near the wall and a com-

snsating increase in the outer region of ithe boindary layer. The miving

juSYeR
after the turn may cause a further change in the enthalpy distribution.
The now boundary laver growth will be cstimated in two diffexent "free

streams",
1 The boundary layer Mach Number distribution as calcuwlatsd

o ]

for the veginning of the cylinder. (See Figurs 22.) This "free ctreanf

will remain unchanged along the c¢ylinder.
2. A two=dimensicial wake with the model surface corresponding

to ‘the center. Tic wake width will increasgse aid the spesd defect near the
surface will decrease with increasing distance along the cylinder.

i eaR e

EQUIVALENT TWO-DIMENSICNAL WAKE

£

First it will be 2ssumed that friction at the model surface is zero,

-

z 8o that the model suriace carresponds tc the wake center, The influence

s,j:_ of friction at the wall can be saparately evaluated., The asymptotic rep-

& resentatim _for the mosn vglociia‘ distribution in a two-dimensional wake

u% = 1w /2;1{-) & where U __ is the maximm velocity deflect
: occuring at ihe wake cex:ber and y, equals half of the wake width as defined

y by the above equation,

;.i The two conditions necessary tc cbtsain -Umx and Yo at the beginning of

& the cylinder are chosen so that the wake and the boundary layer are cquivalent.
;33 Since the momentum of a wake does not vary with distance downstream, the

2 momentum defect o7 the waks 15 set equal to the momsntum defect of the bound-
§ ary luyer,

E
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It also seems reascnable to gst the total mass of fluid in the equivalent
wake equal to the mass of fluid in the boundary layer;

* #7
25Us EGB.L. - 6B.L.] = pgls [V% = Yow_!

)
for P, = 1 and zero heat

E
F() )
J {’ l+ o -.25 (Y))i]

Using these two equations, and mnnencally evaluating the integrals feor Sy

The equation for the displacement thicknsss &
transfer is

max < s - a8
and &vi’ ~p—~ and ¥y, can be found in terms of OB 5. 3% Sgp -

-

For the equivaient wake at the begluuing of the ¢ylinder,

u

max _
'1'5" OOBh arﬂ yo £ 099 8B.Ij.

To calculate ths d ownstrearn development of this equivalent wake 1t is
necessary to obtain an effective starting distance. From Goldstein,7

Yimax 1 Yo
T 2= ™
S 707 'x 10

Hencs, an effective starting distance is x = 3.5 cm, along :n equivalent
cylindexr.

'I.’om'xsend8 has measured the turbulence in 2 low-spaoed ‘"*—dmemion_l

vzke and has founi that the turbulence Reynolds Number RsT,., .3 Re where
Usue.fl u! X
& D = inder 4 » <5 0
Rs e off ~ 7 1inder diameter and }*eT iS40
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For & distance i.om the cylinder of avuui iGO ¢ylindsr diameters, 3"'—7\3-3
- max
independent of the Reynolds Nurber. Setting Re, % Rey T
Daff = 3.h x 10-2 cm. or bz‘-— 22 100 dianmcters. Theos calculabicons st
of £
that the flow would not closely approach the wake distribution in one or two

am. Hance. the mean fiow distribution probably lies betwsen the bourdary

layer dlstribution at tho boginning of the cylinder and the wake profile.

The effective wake width would increage, proceseding downstrevem, pro-

shonldaw

RO O =2

i 1/2 . = = ia o
portiocat to ¥ ‘%, where x = 3.5 cm. pius ihs distance {rom the

CUNDARY LAYER

GROWTH OF NEW LAMINAR B

The supersonic laminar boundary layer on a flat plate grows according

4o the fellowing law.

2,M. el
ad _ L S) 5 ) : U X
=g “—-af—f- waere ¥ = h(n.‘:) and Cng = g(Ms)
: h“(HS)& 3
s
As an sngineering approximation, the boundary layer growth was numeri-
. n ?
cally computed; step by step, using appropciate values of g(l-is )’ and hiMg )
at each stan of the process. for the Mach Nuwber distribution of the bound-

ary layer after the corner and for the equivalent wake Mach Nuwaber distrl-

Im

vution along whs cylinder,

There was little difference between the results for the boundary layer

and wake distributions, soc that apparently a knowledgs of the exact Mach
Number distribution of the "free siream” is not necvssary. The new laminar

dm ot

boundary layer growth in the equivalent wake is shiown in Figure 23.

The estimates For the develcpment of Lhe wake "free stieum along the
cylinder have been made with the friction at the surface of the cylinisr set

equal to zero., As e new laminar or turbulent boundary layer grows from the

beginning of the crlinder, the "free stream™ fluid is consumed sc that the
n
.‘\_. R
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momentum dofact of the wake "free strear® is steadily decroased and its
develomment should be altered. The folliowing calculations made for conditions
.S om, from the milder indicate that as far as the calculation for tha
gruwthh of the new laminar boundary layer ic cormcerned, there is little error
in using the mean velocity distribution for the wake "free stream" obtained
by getiing the surface fricticn equal 1o zero.

At x = 1,5 cm. the wake "free stream’ width y, = 3.45 x 10”2 em. and the
new laminzar toundary layer thickness 5= .2y,.

At x = 1.5 em. a new eynivalent wake 15 deternined by considering the
edge of the new laminar boundary layer to be the center of ths new eguivalent
wake and by equating the momentum defect and mags flow for the new equivalent

]
wake y, and the truncated wiks fromy = 6 toy = y- (See Figure 2k4).
0] ]

'
Thers results Yo * 5=~ Yo
so that the outer adge of the new equivalent wake is about the same as for
the truncated wake,

|}
U -,
Alsc, %_x;.x_ = 4.3 x 107 is very close to
ij L.6 x 1072 , the mean velccity in the truncated wake at y = 6.
S
GROWTIH OF IEW TURBULCNT BOUNDARY LAYER

It wag previcusly chown that for a given Rex, that gva.ried very little
with Mach Number, so that it ie sufficient to take

HC"

- s

EE’%%; - ;x?—m whers the primes denote the cunditions in the

\ Vg'/
Wfree stream® at the edge of the new turbulent bourdary layer. As for the
new laminar bounda ry layer, the new turbulent bouwadary layer growth is not
& in ths "Ires streaw” {liow., Figure 23 shows the
rosuliz for Uhe growth of s new turbulent boundary layer £rom the beginning

cf the cylinder in the wake "free stream”,
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LAMINAD BOUNDARY LAYER AT BASL OF CONE
The spprovimstion ussd for obtainineg ine offset of the pressure drop
cn the turbulent boundary laysr mean vsleclty distribution should be just
as valid when the boundary layer at the base of the cone is laminar. At

-

Py = 180 cm., Mg = .L.S;, the laminor boundary iaye: thickness at the base

of the cone is 2.5 x 1072 cn. Figure 25 shows Ui compubed velonity pro-
files before and after the cerner. (For simpiicity, a linear profile was
used ahead of the corner.) In this case, thz boundary layer thickness is
not increased by as large a factor as for the turbulent case. Since a
much greater extent of the laminar toundary layer ahead of the corner is

subsonic, the nst expansion of the streamtubes ig less.

However, a3 compared with ths turbnlent case, there is an importiant
difference, In the turbulent wake, the turbulence mechanism provides soms
interchange across the whole extaent of the wake since thsre will be some
cddies of a size comparable to the wake width, For the laminar shear flow,
the intarchange depends on the molscular itransport mechanism and has a
local behavior., Consider the follawing cases. A lamimar bLioundary la;v“r
graga from the leadinz edge of a flat plate at rest. (Ses Figure 3h.)

Between x, amd d dx, a movable surface is inserted. Now the boundary
layer growing from ths beginning of the plats represents ths propagation of
significant information, by viscous forces, of the presence of the wall.
An element of fluid at A has had a slight change in its motion because of
a changa in the flow potential, but it has nei yet been significantly af-
fected by viscous forces. The fact that the surface is moving, starting
at x,, propagates along some surface such as the one shown. This infor-
mation ghouidl be transmitied away from the ylate more rapidiy by vissous
forges than for the initial growth of ths boundary layer from the plats
leading cdge because ¢f th= 1rar walocities near ths wall. The fluid
eleient at B has not learned of the chaiige in boundary conditior av x!
and decreases its velocity at the same rate as if the wall comdition a
x had been unchanged.
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wivh ohe velocity distribution after the cormer shown in Figwre 25,

the fluid elements of the now fres sircam schould move roughly as if they

belonged to ancther lanmixar boundasry layer of much greater thickness,
The proyile after the corner is aliiwsi linevar and might be imaginsd tc
be the outer reaches of a boundary layer with a linear profile growing

cx & surface well below the real surfacec.

Since the boundary layer growth decreases with boundary layer thick-

ness, the new laminar boundary layer should engulf the old laminar layer

aboub 2.5 ci. from the comer, Probably, zcome further travel downstream

would be required to reach an equiiiorium prof:

temperaturs boundary layer is of the same order as the viscous layer, what

has been said for sudden changes in shear at the surface wouid hold equally
well for sudden changes in surface temperature.)

SMPERATURE RECGVERY. FACTORS ALONG THE GYLINDER

aldlSA TR,

In the discussion of the sxperimental results the temperatures on the

¢ylinder were described in relation to the "wunnal" laminar or "usual! tur-
'3"."‘5-‘.5:7.’3"" &‘\n-d- Okn

=n
¥ i Vassr

buleni levalse iU 18 ¢lear from Uhe {iregfing oo
temmerature recovery factors for the new laminar or turbulent boundary
layers on the cylinder would differ from the constant pressure surface

levels,

; !
Calculations will be made assuning that in terms of ¥, and T,

rL' = .85 and rT' = ,88. (The limitaticns of this sssumption were pre-
viocusly noted.) The recovery factors, r, along the cylinder for the

warions cases can then be obtained in terms of MS ard To.

As there is heat transfer bstween the air and “he model for about

one centimeter ahead of and downstream of the model shoulder, the measured

surface tamperatures in the corresponding rsgions are not recovery temp-

eratures. Tue recovery factor calemlations for the boundary jayers on

34
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the sylinder wil:i not Lake this
measured temperaturss in the vicinity of the shoulder should not agres

with the calculiations.

(a) Laminar at base of cone.

e
For o= .85 ths cone hase _ﬁ. = 237 where Mg = 1.35, so
T- £

]
thatl for the fluid adjacent to the wall nhead of the shoulder ’1‘0 = 'l‘w %

A new laminar boundary layer at the beginning of the cylinder would ha;e .
M w 1.9 and T = 937 Tj and with vy = .85, r = .82 based on Mg = 3.13
and a stagnatiou temporature TO‘
(b) Turbulent at base of cons.
For ry, = .88 at the cons base, Tw = .95 Ty so that for the fluid

adjacent to the wall zhead of the shoulder To = 'Ew +» If the ney boundary
1

| ]
layer after the corner is laminar, then with r, = .85, Mg = 1.91, =nd
t E =
o - 5 Tgs = = = = r = .83 at the beginning of the cylinder based on

MS = 3,13 . 1 TO'

i-3

If, as previously estimated, Wis new laminar boundary layer engulfed
the old laminar boundary layer by 2.5 cm. fram the corner, then from 2.5 cm.
downstream the frea strsam for the growing boundary layer would be that
obtained from the surface pressure variation., Figure 11 shows that the
recovery fictor r has only reached a valus of .84 by 2.5 cm. from the cornar,
and appears to level out at a somewhat higher value than expected. The
reason for this hehavior is not imown; it may be that after engulfing the
old boundary layer, the new laminar layer approaches the usual equilibaeium
tormerature distribution fairly siowly. Certainly, it aces not seem likely
that the temperature distribution at the point of engulfment is tis sgul-
iibrium distribution since the old boundary layer suifersd a pronounced
energy redistribution ahead of the corner, and this shouid effect the distri-

bution of energy in the new bourdary layer,
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Kcvasznay3 found that the total enthalpy was constant within his
measuring acouracy, (approximately 1%) acruss a supersonic boundary layer
at 2 ach Number of 1,75, at least between g = 05 and Z = 1., The measurg-
ments coverad the supersonic porticn of the boundary luyer. Evidently, the
loss in enthalpy occurs very near the wall. § .1 in the turbulent layer
ahead of the corner corresponds to y = 1.6 x 1072 cm. after the corner. The
new laminar iayer would have grown to this thickness within aboul 2 cme. £Tca
the shoulder. Therefore, except for ¢onditions Just after the shoulder, the
"frez stream" enthalpy would be approximately the stagnation enthalpy of the
tunnsl, but the "free stream®™ Mach Number would be reduced. Because of the
reduced "fres sirsam”® Hach Number, the apparent recovery factor, r, would be

greater than .85.

]
If the new boundary layer is turbulent, then r,r, = 88, MS = 1,91,
1
To = 95 Ty, and r = ,85 at the beginning of the cylinder.
The apparent recovery factor, r, aleng the cylinder for the turbulent
bourdary layer would be greater than r = ,88. Figure 27 compares the cal-

culated apparent recovery factors and the experimental resuits. A if &if-
o
Ll

121

s "
[

k()

ference between the actual and assumed suagn:.t:o.. ut:mp!::us,uuz ws OO Th Tém
stream®, due either to a variation ahead of the corner or a redistribvtion
al ter the c~rtner, would correspond to a change of the predicted recovery

factor levels for the new laminar and turbuient boundary layers of about .015.

The course ¢f the recovery temperatures, as shown in Figures 16 and 11,
and perhaps more clearly at M = 3.55 in Figure 17, is a rise from the shoulder
fiattening out at 2 -« 7 cm. from the shouldsr and then a fairly steep rise to
much higher values.

The conciusicn that the sharp rise in the experimental temperaturss on
ths cylinder is due t¢ 2 transition from a2 Ynew! lamirer boundary layer to
a '"new¥ twrvuisnt boundary layer is believed tc be consistent with these
approximate colculations.
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to depend on the Turhulence of the wind tunnel airstream, Taylo*lo ro-

posed a suitable parameter for correlating the transiticn results when the
turbulence of the stream was relatively large. In the Karman-Pohlhausen
method for calculating ths behavier of laminar houndary layers in the
presence of pressure gradients, the boundary layer profile at anmy position
depenmds cn the local boundary layer thickness and the local pressure grad-

ient, and is defined in terms of a paramster /\ where
-5 dPS
A.. o o e o=
Wg ax

(1% is known “hat for rapid changes in pressure the local profile depends
on the boundary layer history and cannot be described in thi= simple way.)
Taylor s uggested that in the presence of strong turbulence, the instan-
taneous pressure gradient, due to the iurbuiencs, caused separation of the
laminar boundary laysr with resulting transition. Taking the Pohlhausen
treatment as a useful approximetion, in spite of its kmown lisdtations, and
estimating the root mean square valuas of the spstial pressurs gradient in
isoiropic turbulence, that is

2 An = Lagrangian microscale

o Ve w?  puw e b , \
= .....}_.:.L_n- l e i Longitudinal microscals

u! = root, mean square
fluctuation valocity

”~ 1 ”"
ther. the Pohlhausen parameter /\ is equal to A = -1.36 x 10° (-;;—- <=
x
2/5 1 1/5 i/
This can also be written as /L oc %— ( § ) Re_
k2

where L v = Laterzl integral scale,

el

X/
The parameter 'U" ( ry, is kmown as the "turbulence parametert,

Surprisingly enough; the correlation of U' ( 7—) vS. Rext - worked very

AV 2/ :
well for ths existing sphere data and later A %7 uas used to correiate

flat plate transition data by Fage and Prestcn.l (Re trangsition is defined

37
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as the beginning of the transition iegion.) J’l = =12 corresponds to gep-

aration in the Pchlhausen treatment; the subsonic transition data give

A
s - P oy 3 SR S ey L.
Se= =2, In View Of the zpproXimabions invelved, the aboolute valuc of

./L probably doesn't have much significance. Figure 20 sliows N/

0
Rey.. where _/\.1/ o E-'- (& )1/2 vhere k is the longitudinal microscale

of the turbuleace. (For the present problem there are s ome advantages
in using A rather than “y) In addition to the points of Hall and

Hial 0“12 (used by Fage and Preston), two values from D uI'VdG""-‘IB work are

Pty

shown, The scale of the turbnlence for Dryden's low Reynoids Number
points was not measured and wvas not easily estimable from the mesh sizc
of the screen producing the turbulence., A large muber of aluminum riags
vere tied to the doxmetiream zide of the screen to increase the turbunlance
level, and they may have also altecred ths turbulence scale. Because of
the doubtful value of Kx for these points, ihe curve is shown dashed.
Drydents value for the higher leynolds Number is in good agreement with

the valuss of Hall and Hislop.

.

value was the lowest transition Reymclds Number point this

Dryd:-u 5
anthor was able tc find in the literature. It is naturalily interesting
u» consider whether the same general correlation wouid hold for still
lower transition Reynolds Numbers. In a restricted sense, the laminar
sub-layer in a fully developed turbulent boundary layer can be used to
extend the correlation curve to very low transition Reynolds Numbers.,
Lauferlh has shown that the fluctuation wvelocities, as weil as the

mean velocities., within and im the immediate vieinity of the iaminar sub-
‘n

layer when plotted as YT’ vs -‘-'- are independent of ine Reynolds Number.

ince the mean veloc:ty for different Reyno1 ds Yhimbersz follows 2 single

U 2 & “
curve ofU;E V8 —— , if

Numbear of +he lzominer gu
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~layer oased on the laminar sub-layer thicksncss 4

value for *. -v— is decided upon, then the Reynolds
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Thiis laminar sub-iayer can be thought of having originated =+ some dis-
~ ”w :
. . 54 s
tance x upstrezn whsre x ™ ~ 3
yUr
& = ¥y and U& = U at — = 10 or 30 for ik= Tiat pl
- v - - Sk -
lagger. Clearly the disturbance in the turbulent boundary layer u=i oub-

v
side of the laminar sub-layer is so intense that i% prevents the laminar

aie laninar bovndary

sub-layer from growing, that is in {emus of Re;. Ths correlation of
growing, 5

A i/2
%— { %—) vs. Re_, . as given in Figure 28 can be viewed as a purely
by = 1/2
1 -
empirical result. For values of %— ( -‘_f—- below the curve, transition 1

does not onceur. The value of this samexpa.rameter can e comruters, fairly
crudely, for the laminar sub-layer usling the measursd properties of the
boundary layer ia the immediate vicinity of the laminar sub-layer as the
"free stream”. Ths parameter can be only loosgely determined because ths
bourdary layer turbulence is anisotropic and there are many fiuctuation
levels and many microscales. Tayloris value for the spatial pressure
gradlent was based on a lagrangian scale An whose relation +0 thz Euleriai:
microscale was determined frum one experiment in isotropic turbulence.
Intuitively, the most important determining factor in a given spatial

gradiont would be the appropriate fluctuation component and ths correspond- y !

s ahadinian.

A

-

ing microscale, such as u' and “Ax.

Using u' alone and ‘\‘x’ taking the edge of the laminar sub-lgyer at

YUt
S 30, and considering the "free stream® tc be an average of conditions

b 1573 ' 1 / 2

yu J
it { u
from —%= 30 0 —= = 60, o (& ) = 31 R

v ex*t;r

NP”IN

yir

§
= L1 x 103, i
]
H
to Z— = 1C, ther a |

t

If the laminar sub-iayer is defined as sxterding
similer calculation givss |
i

1] I ‘
u x"‘/"-... ) T 2 i
-7 ( rz-) oy where Re , = 1.7 x 10 '
oL e
The values oi U“ % .:-) for ths laminar sub-layer are used to extend the
X

L 0 |
low Raynclds Nusbters, {
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TURBULENCE, PARAMETERS FOR BOUNDAKY LAYER Ot CYLINDER

A 1 &d:ta““*“‘.ﬂ‘i’g

s u' - o
Ia order to compare the turbulence paramcter - { -’;c- ) for the new

=

lamnar ovoundary layer a2icng the cylinder with the correlation curve in
Figure 28, the turbulence levels and microscales for ths possible "free
sirear” flows, boundary layer or wake. ave reauired., Ths turbulence level
and microscale for the boundary layer free stream can be obtained by =sti- |
mating the change in turbulence level and microscale of the boundary layer
on traversing the corner. The turbulence level and microscale for the wake
have t0 be based on J.ow-speed waiis mcasurements. If there were no turbulence ;
produetion, then tha boundary layer turbulence at the beginning of the c¢y-

linder would decay rapidly as {for isotropic turbulence. Since there is

turbulence production, the turbulence level must be higher than tnat obtained

for isotropic decay. On the other hand, the turbulence level in a wake is

limited, and asymptotically -‘é—' —» 2 where Uma.x is the maximum mean speed ,

mav
decremerxtf.3 Since Umax decreases ocx-l/ e » the turbulence level steadily

decreases,

. 1/2 y
= ( %—) wail e CO‘ATpuu\.u. Lo Lue .L\J.L.LWJJlg CaZ8S +

%
g (The ¥ach Nurber variation along the cylinder will bs neglected.)

: {a} The mean velocity distribution of Figure 22 assumed constant and
the turbulence assumed to decay isctropicaily.
©) The mean velocity distribution for a wake with ths turbulence

lavel and microscale based on low-speed wake data,
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TURBULENCE LEVEL AND SCALE IN BCUNDARY LAYER AHEAD OF THE CORNER

<4 Experimental studles of low-soeea turuu] ent Tlows, such as boundary !

R a3 ‘
T layers,” channel fl:.;ls and pive flcm, have established ‘the following i

facts:
= {a) Ciose to the wall, cut to the region where the velocity distri- '

ution follows the logarithmic law, the fluctuation levels for all of thesec

3
4
cr
S.
-
y
C
e
’.
i
(4

Bar
=ro flows substantially fail ¢n a single curve when the ‘gata are plotted in

ferms of Ug, the friction velocity, that ie g vs. =% ,
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e flow, well away from the wall the

friction velocity is the proper refercnce vclocily so that a plet of

{p) As shwn by Laufer for pip

¥= v5. § is indcpendont of Reynolds Wumber.
T
(¢} In view of (a) and (b) it would seem reasonable to guess that
a a of 3__ V5. '}:'- for the boundary layer well away from the laminar sub-

J.ayer would ue auuom....""”" indanardent. of Reynolds Number. Kl.ebanoff and

Dienlu made ifiucaation measurements in turbulent boundary layers at two
different air speeds and at several dif ferent boundary layer thicknesses.
Whila all of the data plotted in terms cf-U; de not fall on a single curve,
qualitative results are consistent with the hypothesis. Furthermore, near
%z.ls in the boundary layer well away from the wall buténot in the inter-
mittently Lurbulent region, a corparfson of Kiebanoff's™ boundary layer data
with La.ufar’alh pipe flow data in the =same region shows that the values of '
ﬁ:- ars ..pnrqutely the sane, For these computations, the flucuation
levels '(T' as measyred by klebanoff are used for the poriion of the boundary

layer whers (a) does not apply.
i &

(d) The experiments of La.u.rer,l5 Klevbanoff and Dienl,~ and Klshencs
show that the longitudinal integral scale of turbulence a;pears toc be con-

- M S Satr & .“..'z'.‘.ﬁa

trolled by the brundary conditicns so that for a2 given {Duw, say & boundar
layer, tus ratio of the integral scale to the boundary layer thickness, say
L L

-
=
v

For isotropic turbulence the relation between the microacale of tur-

tiwlence and the integral scale isis

A utfyL
< 7 e
- - where N = ——
L, v ¥, s ’
' x

Since the turbulent shear flows under considsration are not isotropic, this
relation betwesn the turbuvience scales would not be expucted 4o hold. How=
evs:*y a check of Klebanoff's boundary layer data shows that over a fairly
large portion of tho flow, excluding the laminar sub-layer, ths isotropic

relatian between A, and 1.. holds surprisingly wsll. In order %o chtain
suitable values rorxtha 4 w-bulence scales in these high-speed flows, ths
approxcimation that ! will be made.
x ‘/ No
L1

-5 is not a function of the Reynoils Humber. For the boundary layer, -§ TN
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At the cone bose at M = 3.0¢, with MQ =3.%9, P n " 186G em., Ure 2 uh x 10’
_n
em/sec., and A_ = 1,15 x 10 * cm. Figurs 29 shows the turbulence levels w= 'J )
across the voundary layer whara 1is the mean velicclity at any peoint aecroseg the

a3
i

boundary layer and is the square root of the average of the sqQuarez oi the
ral ood ty

components u " v , ard w .

THE EFFECT OF THE EXPANSION AT THE SHOULDER
ON THE BCUNDARY LAYER TURBULENCE

Consider a flow in which there is a vorticity distribution super-
imposed on a uniform mean motion. When there is an irrotational change of
the mean motion, the rolaticnal amd irrctetional flows will iateract, so
that, in gener:zl, the energy of the rotaiional field is changed. In con-
nection with the design of wind tunnel contractions, Prandtll’ showed that
if the gain in energy for all of the streamiines in a contracticn is the
same, a conditiwm that weuld realized If the pressure drop for each stream-
line were the same, then a 1dngitudinal steady perturbation in velocity
would be reduced. He also applied the circulation theorem to a vortex with
its axis in the stream directiom and showed that its energy would be in-

18

creased in traversing the contraction. G, I. Tayler,”  and more recently,
Ribner and ’l‘ucker,l9 and Tucker20
irrotational and a rotational flow field wsing the Helmholtz Equatioms.

The Helmholuisz Equations gzive the vorticlity of a fluld element in terms of
its vorticity =t some initial t:}me and ihs mciion of the fluid element with
respect to its initial coordinetes, and so it i3z a Lagrangian representation.
The modification of the vorticity 2ietribution by viscosity is neglected so

that viscous diffusion anZ viecous dissipation are not included. The equatiocns
re21

have invaestigated the interacticn of an

o
& .50 = M0 & b0 x
P Pp 38 Py O py Oc
y}:.-ég -+Y.l£ %-}('z—oﬁ
P Py O Py S py o

=
:-(--E._Q ?_Z_..’}:‘Q 2??—92
p 903‘3 Po ob 7o) ac
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where &, g, o» ere the initial components of the

vorhigity voctor

a, b, c, are the initlal cartesian coordinates
of the fluid element

PA * initial fJuid element density

n

v

and they are valid for a2 compressibie fiuld. In 2 general case, to obtain
agrangian coordinate

the vorticity componenis at time T, all of ihe nine Lagrangian ¢
derivates have to be known. The above authors simplify the problem by
assuming that the changes in the potential motion are large and rapid, and
the rotaticnal motion is relatively small so that the motion of a fiuid
element is primariiy spscifisd Ly the veloeity changss of the potential
motion, Under thi. restriction, 2ix of the Lagrangian derivatives become
zerc and only ‘% . %g- s and g—z— remain, sc that the equaticns describe the
alteration of a vorticity distribution by a geometrical deformation of ths
flow field, Any desired vorticity distribution can be represente’ hy the

superposition of elementary veorticity distributions.

These methods have been deveioped 10 dsal with ths problem of the

ghanges of twrbulencs in 2 wind tunnel contraction whers unfortunately

in general, all of the Lagrangian coordinate ierivatives are important
and wihers the dissipation cannct be nzgiecisd. As prsviously noted, in

the preseni experiments, for a good portion of the boundary layer, the
accsleration at the shoulder of the cone cylinder mndel occurs in a length
of the orde» of 6 sc that compared to the usual wind tumnel contraction

the changes in the mean motion of the turbulent boundary lgyer fluid occur
very rapidly. The foliowing estimates for the importance of the non-<linear
terms and the viscous diasipztion in the expansion at the cone cylimdor

shoulder indicate that, in this case, the linear theory should be reasonably

goed .

For the turbulent bourdary layer ai tne base of the come L = 48 and

= /!
O \dsvua ey

ary

= Averege from % =31+ &x ).
v

v U,
An average valus of U.f' for the same region is - 1.3
ils

¥
See appsndix
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Alsc, ws have U, = 3,7 210" cm/sec
‘aver

1 33 = 0 g ’\h rm/oan

V2 P P e ey =TV
aver

GU = 1.6 % 10)" cm/sec

S
Suppose there is an eddy of dimension I_v and strength u with its axis
transverse to the direction of the mean motibn,- then the motion of a filuid

element depends on its initial y coordirate b, as follows:

x--Um xAt+fa+LE (%-'—\ xDb

ean o mean
e " nean velocity in
mean
e acceleration
ox _ . OXx 5 , u!
- - ) ~
and 53 = {1 35 r;(w'mean“f
U2 aver X /3x
where f = gq——— ~ 1.5 or 5 /53 F 2
1l aver

so that even for this case, the naglected derivatives are not negligible
although they arc smailer than the derivatives that are included, and the
assumpdions in the zaleulations are at least roughly satisfied. It is also
necessary that the turbulsnt dissipation in the flow about the shoulder be
unimportant as compared to the change in turbulent ensrgy produced by the

11uid element deforr.ation.

The dscay of the turbulence, .f igsotropic, would ve proportional tolé
2 ~|3
el
a@ ) . 1 Ymean
dt 4 L

:v'
The time for passage past ths shoulder, assumning the acceleration length

is 6 is At = yp2—

maan 5'3
5 ol Z 1 Q&7
Ther: the loss of turbulent kinetic erergy is (A u)‘ =-% ——’i"——’- U-ﬁ——-
O HIET- 41
- . Q@An )2 1 u'me.-a'.n 5
The fraction of the turbulent energy lost is S—i— = = 5 plo2l 3 — = ,06
% < ) ¥ mear. uy
2 i 1
, W (s ) T '
New =% = 25 80 that = —5—- due to fluid eiemsnt deformation is .75 as
wi” u!
1
compared with .06 for viscous dissipatiom.
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It has been shown thav tie restricticns of the linearized theory
1

for tha rapid accelieration at the shoulder
remont.3 on the overalil

1 gctisfNe

L=

Sl.

g
are fairly w

of the cone cylinder. JSince the available iis
changed in turbulemce intensity in wind tunnel contractinn= are in
general agreement with the calewlations; it is believed Justifiable to

use the theory for obtaining the overall turbulence intensity charges

at the shoulder. However, certain inaccuricies are manifest. The
turbulent flield ahead of the cormner i& neither isoiropic as in reference

19 nor axisymmetric as in referance 20. Furthermore, the expansion

right at the model shoulder is two-dimemsional rather ther axisymmetric

winich is the case computed in the above referances.

The conclusion as to the general nature cf the phenomenon on the
an accurate knowledge of the turbulence

¢ylinder is not dependent on an zc

level. Since many other spproxdim=tions are made, it did not seem
worthu=hila to attempt to evaluate the puossible error due to the above
differences. I% 13 noted by Ribmer and Tucker that their result is
rosult obtained by Prandil for a much zimplified

vorticity distribubion. Tn any cese, the anthor couid not rosist ths

attenuation factor from a handy chart.
cn levels after the expansion at ths
‘eﬂnv\ T 19'

veiv ¢lode to the

-

J

"le&S‘H‘B 01 .u..r(..l.y !--L.suu.L“6
Figure 29 shows the fluctu

shoulder as ootained using 1
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APPLICATION TC TURBULENCE

Figure 30 shows an expansion of a turbulent flow where thie chznge in
mean velocity is large and rapid enough to permit the use of Helmholtzts

squations with G. T, Taylor's restricticns. The ealowlaticn can be described

in the following terms.

At any time £, an instantapeous measurement of the veioclity fisid, if
it could be made, would sstablish the vorticity of the fluld elements at
statiun A. The Helmheitz Equaticms can then be used to determine the
change in vorticity of the fluid elements at station B. If a suffici
number of simiiar measurements are made randomly, the average changes in
vorticiiy of the fluid e=lements can be obtained, and so the average change

in erergy in the roiasticnal meticne

Tha turbulent energy equation rerresants the change in turbulent
kinetic energy in a fluid element moving with the mean moticn. Arny par-
ticular fiuild slement may lose or gain turbulent energy in various ways,
such a5 Lurbulsni energy convection, but the fluctuztron field as a whole
can only have its total turbulent kinetic snergy changed by losing kinetic
snergy to heal thredugh viscous dissipation or by having its kinetic energy
changed by interaction with the mean motiom.

The interacticn term, which is usually called the turbtulent production

. al.,
term is  -pu,u, 5_-3‘- (i, J are repeating indices)and may be either

\JJ\.

positive or negati ve. When the mean motion is uniform, then the production

term is zerc. If the viscene dissipation is negligible in the section A-3,
then the intcgration ~»f tha production term vv«r the volume A-B must result
in a change in turbulent kinetlc emergy egqual 6 the change in turbulent

energy calculated using the Helmholtz Equations.
The calculations of Ricner and Tucker19 show that mean flow changes may

result in either a decrease or an increase of turbulent energy. For acseler-
ations at supersonic speeds; tre fluid elemenis are stretched in both the
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longitudinaiand the laterai directions, As a rasvli, both the Jlongitudinel
&l lateral fluctuatione arc reduced by the defermation and the turbulent
anergy i= thoyevy reduced, In a 3enue, the turbuient &mlgy Iicws Irws viw
firbnlant flnetnation fiald to the mean flow. This conversion of random

C Ambn a~!-.z~l--l mrhdinm da ?mﬂglogm to. the nnn?ers'{c‘ﬁ of wrandom vhermal

energy. in a gas into directed motion in a supergonic nozzle. If the flow
proeese. is reversed, the turbulent energy willi be increased.

" STAGNATICN TEMFERATURE UNEVENNESS IN THE TURBULZNT BCUNDAKY LAYER

Kcvassmy’::-:’ notewrire masureme;its in a surarsonis doundary layer at
M = 1,75 siow that adjacent fluid masses vary in stagnation temrerature;
if a measurement is made a4t a fixed point in the bourdary layer there is
a atwiﬁm temperature fluctuation. The magaitude of the ﬂv.c‘tguation

Y P b Lo A -
varies through the boundary layer and rsaches 2 peak value of shout ¥ of

the -:!t-agne.t_m teamperature. As Kovaszmay discusses in his paper, ths atatw
nation temperature fiuctvation involves a density fiuctvation but does not

involvs & pressure fluctuation.

However, uwhen & fisld of ureven stagmation temperature is accalaratad
o higher speed, a vorticity field cousisting of longitudinai velocity vari-
atione chonld he crested, Corrain23 has derivad an expression fnr the
magnitude cf ios resulbing velocity perturbation in terms of the initial

gtagnation tempersture psrturbation. The relation is
2.

|1 ‘('?;) _l'r

where ﬂo - stagnationmmperaturs periurbaticas

- If Xovasznay's measurements are appiled to the turbulent boundary
layer at Mg = 1.89, we have, as maximumn vaiuui of the root mean square
fluctuations '

g
0 0
- 05 for = ,03
LY T
N T
= 06 = 1075
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Assuring that this 8pecialliy cirealcd vorticiiy fizid zould hecoms a pard
of tha saneral vorticity field after the malel shouider, the eontribution
10 the turbulent fluctuntirm lsvel would be .00y, This addition tc the
turbulence after the shoulder will b= neglecied.

EFFECT OF SHOUIDER LEXPANSION O TURBULENCE TICROSCAIR
For isouropic turbulence, the integral acales are oflen considered

to define a sort of average eddy size. ’I‘v;cker20

of stream veloel changes cn the correlation coefiicienis itom winich the
1*.

hag calculated the eiiect

integral scale is determined. He notes that in certzin cases the longi-
tudinaj scale becomns negabivc which :iskes fairly dubious the identification

of the integral scale as an average eddy sise.

" ;2
b - 2 _2
The turbulence microscale can be defined as T —-‘-’-—2 so that the
ou!
()
change in .\x is assentially determined by the stretching in tne x direction,
that isg
AL =A X 1.2 1 refers to position jnst ahead
» N

c DI enaw
b Nt ed saem

¢ refers to position just after
corner
But in the expansion at the shoulder, the expansion of tho fluid elements
in the y direction is not equal to that in tne x direction, s0 that with

2
2 _ 2uf
2 2 e 2u A, =A, x1.66
T raury? v o n "
\\-;—J )

At the begimning of the cylindsr the "iree stream® turbulince in these
experiments is certainly anisotropic; even if it were isolropic ahead of
the shoulder it would be anisotropic after the expansion. The flow near
the center of a twe=dimensional wake is roughly isotropic, s tha' az the
free stream® flow takes on the aspoct of a wake, the iturbulence field
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the turbulence in the

neme

should move towards isotropy. Since, in ary case,
Ifree stream along the cylinder will be compared with 1ow-speed 2zta where
the frae astream turbulence was isotroplc, the anisotropic turtuieat Iisid

at the beginning of the cylinder will be describsd in terms of an equivalent

isotropic flow. Hence the gewmeirigzl changes in ths axpansion will be

averaged, giving A, = 154 g
L™ -

BOUNDARY LAYER "FREE STREAMM

Following ara average values for the region in the bouudary layer ahead
T A I

of the corner, {rom %- .2 ¢ E St

?ii = 3.3 x 103 cm/sec )‘x. = 1,15 x 1072 cm.
A

'ﬁ; = 2.1 x 103 en/aec kxz = 1.76 x 1072 cnm.

To estimate the turbulence decay in the "free sti-eam" along the cylinder,

it is necessary to establish the inlegral scals or an effective mech =iss Ior

tha acuivaleant isotropic {low. This can be done as follows.

For isotropic turbulencs, the decay of the turbulent enargy is given by

4 .2
~' ~
9.(.1.?_ - - g%‘iz"-— which ia based on the sxpression for the viscous dis~
dt ,
x

~ 2
)\ 2

X

gipation W, where W =

Except near ilhc laminar sub-layer, the dissipation has been found to bhe

reagcnably well rapresentsd by the above formuls. Now, from measuremsnts
behind grids of mesh size M _p., it has been found that'

2 3

. = 3 ]

s Le€2 X hich ean be written as a(@w) . 1.28 (W)

“ Mare e Mot Us
49

ol v

AT PR AIAT =% 5t i o

-

P

e




=gt st

R3S P

TR A N SN TR S TS

!
|

e I ——— preuamsene o

P S 9 . e S—— ORNSO— o A SRS |

An eifective mesh size for the equivalent isotropic flow can be

determined by equating the abdve sxpressions for the turbulence decay .

1072 cn. and it follows that

~ vy o = o N = 5.8 x
LAen atwver uviae Cuincl “eff AR
2 ama =
Xx = —-—-5'*“ + G
S

The results of the calculations for the turbulence level and the

micrnseale are shown in Figure 31. The resulting turbulsnce parameter

~t 12
ﬁ(;—-) is shown in Figwre 32. At any pcgition along the gylinder,

x, a5 used here, ic the affective longth of the new laminar boundary
t g0 that = is approximately equal to the distanc~

from the beginning of the cylinder.

WAKE FREE STREAM

The only measursments of tne muriulence in two=dimensional waites that
the author was able to find are those of Tcmsemi8 where the distributions
of u! and the mierosecale X:c were measured, Previcusly it was noted that
for such flows 2s channel flows anda voundary layarsf the integral scale Lx
w22 determined by the boundary conditions, so that :’,S was a constant in-
deperndent of Re. It will be assumed that for a wake?* also, the integral
scale is a constant fraction of the wake width, so that we assume — constant.

N4

From Townsend, for U, = 1.12 x 10° cm/sec,

A A }
== 1.30 am Z = 3.8 x 10T
X y()

(yo = half wake for mean velocity distribution)

L
So X - 2uh
Yo
Since the equivalent wakc at the heginning of the cylindsr hss
u
T 2 S
bl x -2
Then -—= = 12} and = = .63 or  A_=3.50x107° en,
%
#Buggested by Professor Stanley Corrsin of Jons Hopkins University
50
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which comparss wi.th )'x = 1.7 x 10 © cm. for ihe ouurdary laysr alfter

the cornsr.

The dacay as the wake width grows can be cotzined using ths fact

Yo
= wherga X = Xo ¥ Xm

Ec

that

1.3

ha T
x.. Effective stw-ting lsnzth for tha wake

¥ Distanc
u'xm T

cs
Since Req = = gonstant fer any given waks,
u'l

and ._y_— = constamt, then ——= = constent.
0 [ 4

or Xx - i3 Yo

from corner

Also, we havs y, = clxl'/z » Oy = constant,

Tha turbuler2s laveis and microscals values are showpn in Figure 31.
The resulting "turbulence parameter! is shown in Figure 32. Allowance has
been riade for %the loss of wake fluid %C a new laminar boundary layer.

The start of ths shrunt aurface termpsrature rise on the oylinder i3
not & well defined point sines the measuriang rointe were nst closely spuced.
The position marked on Figure 32 as representi..g traniaition on the oyliinder
is 2.5 em. from the eorner,

In a low=spesd wind tunnel test the frss stirsan turbulenss is of relu~
tively large soele so that cvser the longth of a flat plate model in the test
seoction the shinges of the turbulence level and turtulence socals Sie amall.
The turbulsnee pavametar for ihs low=speed ben ndxw layer incraases sgtéadlly
proportimal to 3‘1/ ¢ and would necessarily intersect the corrsiation curves,
In the present case, ihia turbulence scale in the "free stream" alosg the
eylinder is relatively anall so that significant decay of the turbulencs
coours along the run of the new laminar boundary leyer. Apnparenviy, Lhe
calcuisted deozy is large enough 80 that the turbulence parametar for the
boundary layer free stream, decaylng isotropically, has 2 miximum value
along tho cylinder, Figure 32 shows the turbulencs paramater curva juat
touchirg the correlation curve,
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Actuwally, as has heen noted previously, ths turbulonee level of the
-3 “fres stream” more glowly than for isciropic decay boecanse
‘J of the turbulence production taking pvlace in the "free stream" mixing
- processes. At the beginning of Uhe cyiinder the turbuience level 1n ths
boundary layer "free stream” is hipgher than thit for the equivalent wake
"Iree stream" at thc same position as shown in Figure 31. Eventually, the
turbulence parameter for the wakc will also reach a maximum and then de-
; crease, hut ovar the region of interest it increases monotonically. It
: aoppears likely that the turbulence parameter for the houndary iaysr on
- the ey¥linder is either on or above the turbulence parameter for the wake.
But, in any case; it is clear from the curves in Figure 32 that the general
= nature of the turbulence paramster along the cylinder is the same for both
: of the "“free stream® assumptions. The confluence of all of the curve: in
= Lthe vicinity of tlie exrerimental value of Re;_: " would sppsar to support the
hypothesis eomncerning a iaminar turbulsnt transition on the cylindera
& Figures 16 and 17 show that thers ars differences in the temperaiure
i data at different tunnel pressure levels. If the valuve cof %l x ‘1—-?-,,“ were
E- . the same at each pressure lsvsl, then x for the beginning of transition on
s:; the cyiinder would be the same at all of the pressure levels, and Rext.r.
s would increase proportional to the pressure level. At M = 3,02, this is
s;‘ roughly the experimental resuit. At ¥ = 3.55 only the 100 em. data has
?% transition beginning at a significantly different position along the cylimdesr
§y as compared with ihe data at the other pressure lsvels. The sizes of the
_;r ‘ wire trips used on the cone at the different pressure lavels were not care-
= fully controlled to make the boundary layer conditions at the trips "aimilar®
: as the pressurc level wae varied. Since the parameter %’- x -—%-72 will de-
E Py
"-"’ pend on both the turbulant boundary layer thickiess at the cons base and the
tunnel pressure level, 2"" x -;%172 wonld be expected to vary in a random
x

way with tunnel pressure level.
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EFFECT OF COMFRESSIBILITY

: Joapressitility effects rave veen included for that portion of the

V e waves —ua

analysig involving the niccn flow propsrties ahesd of the corner and on

the cylinder. The introduction of turbulence levels and turtulsnmce soales

was bagsed on low-speed data. For this reason alone, the close agreeaent

between the predicted value of Rextr and the experimental valun of R,
could be considered fortuitous,

The supersonic boundary layer measuremente of Kovasznay can be com=
rared with the low-speed fluctuation level measurements, Kcvasznay mads
his measurements at the following conditions

My = 1.75 6 = 1.27 em. T = 200K P, = 80 cnm g
Assuring Tw a T w2 w1 G
Using the relations given previously
Cp = 1,77 x 10"3, Ur = \]%ﬁ’; «1.75 x 10> en/sec

Ths following comparison will be made at % = 5

For Xovasznay

[}
EF* = b3 x 10" cm/sec
= 5

N

]
u) = ,0325 So ut = 1.4 x 1‘03 cm/zsc.
i Y % = 5
For XKlebanoff
/ u' \
S w32
t ¢ 3 = 35
N : So the value of u! expected on the basis of the low-spesd measurements
e wt = 2.3 x 10° omfee O k2B . g
i Y11u0
‘. Also, Kovasznay finds L = 51
' 53
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temperature should be below room temperaturz, so that the wall temperature

will be raised zzmewhat by heat iransfer from the room;, A higher wall

WHUSRIIRAVY vy o adet eie oL B

temperature would increase Ugand thereby u').

The influence of Mach Number on the "turimlernce parameter" can be
obtained by making use of an existinz solution for high-speed boundary
layers. Doridniizen h under the restrictions that the Prandti Number
equaled one and the% the heat transfer is zero, developed a method for
handling a compressible boundary layer analogous to the Karman-Iohlhausen
methad for 2 low-speed boundary layer,

..... am A Pracablh Avedan n'\'l*mﬂ-ﬂi'ﬁ'!
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We AT+ BZ + C3 + DT
)
B--% : C”’\:%’=)

p=(r-F) ,  We g

J-’U
Ta t where © is a transformed coordinate of the distvance from the wall y
B
ag followe
1
it =y 2 gy
Pg
We o = w(T) I. = characteristic length of problem
‘- = ) 3
t=6 & = edge of boundary layer in coordinate t,
Lnen \gzg") gives L~ - 12 tor caparation as for the low-speed
solution.
The parameter L is as £follows:
N =2 .1‘.) ]
=0 ~dd .
Sim a-—- ) et ¢ = velccity of efflux into vacuum
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g is a transformed x coordinats, where
- D

ds = —i— == dx Re
T Re, ?’O” 0 v

PS = local free siream pressure

So dvg dUg
— TR a

618
i

For a2 compressible fluid

dFg
USdUS * s o

Pg
dvg 1 dFg
= ° " dx -
5% s
x
Since )
Po
6y =Ls—dt , &=L f
s o]
or with
Tu 2
5
dt = 8 4T

]
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(1 - ‘us w) aTtl et denotes compressible

This can be_compared wib

_54 / Qk‘s §
A\ ine ® nU. K v for an incompressible fiuid
0"5 ins
¥inch 4 tus incomprosoible
A
As MS-*-O, Vg, +0 s0 di, A
o us Fioss i

Now if a turbulence field is carried alcong by a supersoric flow. there
should be instantaneoug pressure gradients analiogovs to those for a low-gpeed

turbulence field.

We then hzve, gimply assuming lLhat the low-speed relation holds
' l‘ !2 LM
op' _ yqsu o _ 8 bogu'® E{M, A )
ax e~ holg M
Y

For a high-gpeed boundary layer

2 )
%: = (i) 5: x 34 K(H) =1 for ¥ 20
2}
Substibtuting for 5%
X 2
"S A ul b's \
Nge- @ O A KOg) x136 (%) (x;}

So
Ay =60, A A

-h--‘nc

If it is assumed that the same value of ./L , compressible ur i

lCOT
1/2
pressible, is required for transiticm, then a smallsr value of 8—- %—)
S5 A XI
graater

is required for the compressible fluid since .G(I'-%) is in general
them wnity. (Saee Pigure 33. To evaluat: G, A\ was varied from O to_-12.)
(s

So Re ot hish apeeds will be less than at low speeds for the sane vaius
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At a rach Number of 2= 3, | (&) =2 ,6 I,‘;... (3}_‘} i
L™ \'x/ 1 M=3 L8 \"x/ _JM=0
]
for transition. BRnt Kovagzaay's rasults show -1-1-—-'- 7 reduead by a factaor

T
Ve

S'x
of .7, so that the two differsnt effects of compressibility wcould approxi-
mately cancel. in this experiment.

If the concept of transition being caused by the instantansous pressure
gradients due to the Guwbulent field has any validity, then the superposition
of a steady pressure gradient of sufficient magnitude shaetld prevent the
occurrence of instantaneous adverse gradients. Tn Figure 32 the calculated
Ll paramelara fop bhe bouwndscy Jayer fiow from the beginning of the
cylindur follow fairly close and almost parallel to the corrslaticn curve.
The decay of the turbulence in the "firse straam" is very significant arnd
the turbnlence parameters for the new laminar boundary lsyer tend to level
cut fairly quickly. The present model actually has a small adverse pressure
gradient which has been neglected in these calculationz, It seems paszibie
that a model desigried with a suitable favorable prcssure gradient after the
shouldsr might have mucii longer runs of new laminar flcw since the favorabis

for ths Loundary

- - y A, — - - - .
prossure gradient might lower the turbulence nparameter curve f the boundary

layer erough to avoid transitionm,

Nothing in the rreszent analysis indicates that the pressure drop need
be a particularly sudden oae. In a gradual turn, the laminar bound2:ry layer
would grow and the turbulence level would be steadily reduced. It is neces-
sary that the accelsration keep the turbuience parameter at any poini at a
respectable level, Tests on a modsl with a .3 cm. R at the shoulder gava
tne same resuits as for a sharp cornered modsl. OSpreading the acceleration
over a much greaver length, rerhaps up to one or two centimevers, may still

.roduce a new laminar boundary layer,
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In this work it has been necessary to make a distinction between the
voundary laywr abi 4 particuliar position on a model and tiis cuepicte shear
layer at the same position, The complete shear layer represents the resulis

11
%

o e S - o Ronn
WAl Ll i COoTo wa Vi

1]

-
Ly

the model surface from the leading edge or tip. The boundary lsyer; as it
is used here, is defined in a local ssnse, and may be all or only ths inner
portion of the complete shear layer. In the latter case, the cuter portion
of the shear layer is the outer {lor or environment in which the boundary
layer grows. As such, it may have substantial influence on ths fricti

=4 =3

a.a neat transfer as wsll as the stale of the boundary layer.

A laminar boundary layer is considered present when the knowledge of
the surface friction at a particular positicn is bhoeing itransmiticd to the
outer flow, winj.ch may Ge the oculsr part of the complste shsar layer, by
molecular viscous forces. For instance, in Figure 34, the velocity change
of the wall is propagated cut into the flow by molecular viscous forces and

so ths bounidary layer at that position is laminar,

A turbulent bhoundary layer exists when the propagstion of the surface
friction at a parbicular position on the surface to the cuter flow is coun-
trolled by turbulent shearing stiresses, Of course, even when the boundary
layer is  turbulent, there is a laminar sub-layer adjacent to the wall, tub
some informaticn zbout the shear at the wall is very rapidly communicated to
the whole turtulsat toundary layer. The growth of the turbulent boundary
layer at any position can be described terms of the wall friction at that
positicn, 3¢ that the turbulent boundary laver behaves an an entity.

lisnce, the labei laminer or turbulent is selactec on the basis of how
vne state oi susar on the durface is being propagated or transmitted avay
from the surface to the outer [low.
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Ths growth of a boundary layer cn a {lat plate in a wind tunnel air-

[
<
[}
[2
’
«

&
<

stream may altcr ths propecties of thic zirstream in several ways. Besides
poterntial changes of the free stream which are dependent cm the boundary

= (ST (G

i< e ] - .a 1.8 83 4 T rzd
g aiso poscibia JTorr Lis GOwdary 1ayer

e

layer digpliacemeni thickness; it

{> have 2 more subtle influence on the free stream iiowe As the bcuhdary
layer grows, turbtulent air is being removed fram the maln stream and either
has its turbulent energy dissipated when the plate boundary layer is laminar,
or, in the usual case, h=s it increased if the plate boundary iaysr is tur-
bulent. In eithcr case, the removal of a layer of turbulent air from the

b4
main stream may aifect the main gtresm in the following way.

The wind %unnel air is turbuleni, and if it is &lso non-uniform, then
turbulent mixing will cause a pirogressive 2lteration of the mean velocity
distribution and the tvibulence of the air as it passes through the test
ssction. The removal of a layer of test section air muat necessarily changs
the course of the turbulent mixing processes. In the usual wind tunnel casa,
thegse sffecis arv negligibie since a serious attempt is usually made Lo
achieve vniform fiow in the test sectian. In the {iow abhout the cone~cylinder
model used in these experiments, where the outer portion of ths corplete shear
layss at 2 particular position constitutes the "free stream® for the boundary

laysr, these effects have had to be considered.

Once the boundary layer at a particular position has bean jdentifile

ag being laminar or turbuient in tie local sense defined above, then the

YN -

i

detsrmination of the local frisction, and heat transfer, requires s knowledge
of the history and development of the entire shear layer nesar the model

e
surface,

zan praegfented to show that a2long a model

v
s x
& 2D AR

(14

In this report evidcnce Lz
=202 the boundary layer may be successively iam
ard turbulent again, It was found thait with 2 lamin
the bass of the cone, the boundary layer on the beginning of the cylinder
was also laminar, but that the strong pressure drop a

nar, bturbwient, laminar,

e fana

o

r horpdary laver at

t the shoulder had a
lasting offect on the subsequent boundary layer dcvelopment. For a rela-
tively large distance downstream of the pressure drup, it was not aufficient
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t0 describa the boundary laver properties in terms of the lecal

Just outside of the coundary layer, but rather, tho history of ithe flow had

LS Le considered.

When the boundary layer was turbulent at tha cone bage, the resuli of
J

the sirong vnrazgure drop was to allow
tarting at the begianing of tns cylinder. This new laminar boundary layer

subsequently underwsnt transition to a turbulent boundary layer 2 short dis-

tance back on the cylinder. The recovery factors along the cylindec wers

found to deperd on ths local laminar or turbulent state of the boundary layer

depar
and also upon the history and devslopment of the shear layer near the model
ar]

surface. Those two cases are portraved in Figure 3I.

The sceond trarsition from laminar tc tirbulant flow which occurs on

vie ¢yl lader of
high turbulencs
layer starting at the beginr

compared with existing icw-spesd corrglations for laminar-tvuwibwient tran-

ion in highly turbulent freec streams. Further, a compressible analogue

sition
for Taylor's turbulence paramnster is derived and it is found that at least

for the present experiments the error in using low-speed turbulent boundary

the cone=-cylinder model is believed to bes controlled by the
lawel of the "free stream for the new laminar houndary
ning of the cylinder. The experimental data are

layer data and the low-speed correlation dsta should not be large,

Wille these experiments are at superscnic speeds, the same phenomena
would be expected 4o occur at low speeds given suitable conditions. For
ingtance, wind tunnel contractions have a strong pressnre dreop and as a

result, althougn the boundary layer in the settling section is turbulent,

the boundary layer on the nozzle wall may be laminar,
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duterest and for his peraistent sncoursgmant in bringing this researzh o

fruiti ONe
RN ) 3 e lonz K} S ;o4
SrgLammnary e}.""r;vri.'ﬂen VS (USLUE B 'woezen model ) on the effeet of the

corner expansioi on the temperature recovery factors were made in associ-
atior with Mr. B. des Clers. Recovary temperature variations qualitatively
similar to those shown hersinwere obtained, but the situation was confused
by the large heat transfer in the model resuiting from its conairuction,
and from cur inability, at thai time, to satisfactorily rsproduce the rg-
novery factor leveis on successive tests. The lucite model was designad 4o

greatly lessen the model heat transfer,

The author wishea to thank Miss Carol Sande for her substantial help in
transcribing the menuscript and in proofreading the repori.
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APPENDIX
APPLICATIONS TO WIND TUNNzL CONTRACTICNS

wind tunnel asontraction section., the conditions <of the
t satizfied anywhere in the contraction. Viscous dis-
sipation is imrortant snd there is a continuous readiusiment of the turbu-
lent energy in tion since anisctropic flcs, left to their own

devices; tvend to become isctropic, |

Ribner and Tucker have compared the results of their analysis wiin
available experimentz by accounting for viscoug dingsipation in an approxi-

At AR 5 Y ] -
he combiracbicn are conaidored to bg a step by

Ja

[ M alawmmon
o ﬂ(&y. aiis Sa TR
step process, where for sach stenp there is a change of energy associated
with the atream deformaticn and a change of energy due to viscous dissi

patian. Tn mosat of the experiments, turbulent intensity measurements ware :

.
o

E

made in the settling section and in the test section. Surprisingly enough,

agreement with the ealeulations.

made measurements on the axis all along the contraction.

the experiments a

- SJa et as W

However, {facPhail
While the ratic of the latsral turbulent intensity at the test section to

that in the settling section is not too far from the prediction, the lateral ;
velocity ratios along the contraction are much larger than predicted, and

are, in fact, larger thsn would bLe cuUtained iieglecting viscous decay,

MacPhail also made some measurements in a channel of approximately constant !
velccity where the cross=-section was gradually changed from a hign narrow ;
rectangle to a low wide rectangle of the same arwa. Again the development

of the turbulent velocity components doas not seem to be predictiable on the

&

basis of fluid element deformation. In addition to unpredicted variatio

of the turbulence iabansity in the deforming section, iheve seems to be

—

oscillatory exchangs of energy hetween the fluctuation components in the
fixed section followirg the deformation. MacFhail suggests that some sort

of gyroescopic action may B¢ involved so that the initial change of orien-
tion of the voriticiiy v=ctor is not that rredicted by Taylor's linear

theory. in this concept, the vortex cores exiiibit some of the clizracter-

istics of sclid bodies.
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actien may be present., I'or 5clid bodisc, a pracessional moticm of a

rotating body is maintainzd by an exterral counle., since the precessicnal

2h s woaw

motion involves 2 time rave of change o enguiar momenvim of ths TSLeting
body. The mean mction in a wind tunnel scepvtraction (negieciing the ®ail
boundary layez) is represented by an irrotational solution. This means
that the finid eiement daformations imparted by the ccniraction do not
change the anguliar meomemium ez the fluwid elemenis., 1nereiors, vhe iiuid
in the vortex core should not precess at leest in the conventional gyro-

,‘ .
zgondc sonse.

I MacPhail's measursmenits are correct and the vorticea
turn in a W&y act predicted by the fluid deformation theory, then ncaai-
bly an explanation of the -neasurementa shoald reguire scnsideration of

secondary !’low in the vortsx cor<2 oa they nsss thirough the contraction.
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